We describe the existing statistical methods for interpretation of perturbation screens in the section of results. Implementations of these methods are available in the open-source Bioconductor packages RNAither [4] or cellHTS2 [2, 1]. Below, X gkp denotes the raw phenotype of the replicate k of mutant g on plate p.
1 Currently used methods: sample-based normalization B score accounts for additive effects of rows and columns within plates. In the notation above, the method specifies a linear model
where µ p is the average phenotype of the plate, R i,p and C j,p are the systematic plate-specific artifacts of row i and column j, and ε ij,gkp is the non-systematic error following a normal distribution with a mean equal to zero. Parameters in Eq. (3) are estimated separately for each plate, and from all measurements on the plate, using a robust alternative to sample averages (i.e. Tukey median polish). The residual measurements of the phenotype are then obtained as
Finally, B score for the kth replicate of mutant g is calculated by standardizing its residual to a robust estimate on the plate-specific spread of the residuals of all samples Bscore gkp = r gkp median( |r gkp −median(r gkp )| )p .
Z score accounts for the distance between the mutant's phenotype and its group mean in units of plate-specific standard deviation
whereX ..p and s ..p are respectively the mean and the standard deviation of the raw phenotype of mutant g in plate p.
Plate-wise median normalization (pmNorm) is defined as
Quantile normalization (pmNorm) assumes that the empirical distributions of the phehotypes are the same across plates. It normalizes the phenotype X gkp by applying the transformation
where G is the empirical distribution of each plate, and F is the averaged distribution of sample quantiles across all plates.
2 Currently used methods: control-based normalization Normalized percent inhibition (NPI) is defined as
wherec + p andc − p are the mean raw phenotypes of positive and negative controls in plate p.
Percent of control mean (pocMean) is defined as
wherec + p is the mean of the positive controls in plate p.
Percent of control median (pocMed)
wherec − p is the median of the negative controls in plate p.
Currently used methods: detection of hits
Denote v gkp the phenotype of the kth replicate of mutant g in plate p, normalized with any of the above methods, and consider testing H 0 : the phenotype of a mutant is consistent with a pre-defined value of interest c against H a : the phenotype of the mutant differs from c more systematically than expected by random chance. Depending on the experiment, c can be the normalized phenotype of a control, or the median normalized phenotype of all mutants in the screen.
Student T statistic is based on the summarization by sample average, and on variance estimation by sample variance. The test statistic is defined as
where n g is the number of replicates of mutant g in plate p.
Moderated T statistic was originally proposed in the context of gene expression microarrays [5] , and improves upon the estimate of variance s 2 g for experiments with a small number of replicates. The approach assumes a Scaled Inverse Chi-square prior distribution of σ 2 g (or, equivalently, an Inverse Gamma distribution), and uses an Empirical Bayes procedure to derive the test statistic. Formally, the approach assumes
the the moderated T statistic is
s 2 0 and d 0 in the expression above are the degrees of freedom parameter and the scale parameter of the prior distribution, which are estimated empirically from the entire collection of mutants in the screen. In other words, the joint analysis of all the mutants provides an additional information on the variation, and is equivalent to a prior dataset with estimated variance s 2 0 based on d 0 degrees of freedom.
Rows and columns of the plate have negligible effect on the quantitative ionomic phenotypes
The following quality control procedure reproduces Figure 4 in reference [3] . We specify the additive model
for all the samples in a plate, separately for each plate. Here X ijp denotes the raw univariate phenotype of the sample in row i, column j on the plate p, and R i,p and C j,p denote the row-and column-specific deviations of the phenotypes from the overall mean. Parameter estimatesR i,p and Ĉ j,p are obtained using Tukey two-way Median Polish, a robust alternative to least squares-based estimation. The quality control metrics for the plate are then defined as the sample variances of R i,p andĈ j,p relative to the sample variances of the residualsε ij,p
and 12 j=1 (Ĉ j,p − 12 j=1Ĉ j,p /12) 2 / (12 − 1)
j=1ε ij,p /96) 2 / 95 (15) Fig. 1 shows the distributions of the metrics across plates for all elements and all the 3 screens.
The plots indicate the ratio of variance(effects) over variance(residuals) equal to 1 as a reference.
The plots indicate the general absence of row effects, and some larger column effects. The column effect is not surprising since, as shown in Fig. 1 of the main manuscript, in this experiment columns of the plates have more diverse biological samples than rows. In other words, the columns have a stronger confounding with the perturbations. Since the column effects appear only for a subset of the elements, and since all the metrics are below 5 (i.e. much smaller than the median value of 40 in [3] ), the row and column effects were omitted from the subsequent downstream modeling for these datasets. As discussed in the main manuscript, the proposed noise reduction methodology is equally applicable with and without these effects.
Detection of hits
Similarly to (Efron, 2008), we apply a transformation to the test statistic to ensure that the sampling distribution under H 0 is close to the Standard Normal, i.e.
where C = 1/Φ −1 (3/4) ≈ 1.4826 is a normalizing constant for a robust unbiased estimation of the scale. Fig. 2 illustrates the sampling distributions of Z g with all dimensions combined, for the three screens in the main manuscript. When the assumptions of the proposed model and of the estimation procedure are verified, the sampling distribution of Z g under H 0 is approximately Standard Normal. As can be seen from the figure, the Standard Normal distribution approximates well the center of the histogram, and indicates that the data present no gross departures from the assumptions. Fig. 3 shows the result of fitting a two-group model by (Efron, 2008) to the test statistics of all mutants in the KO screen, combined across all the dimensions of the multivariate phenotypes. The raw phenotypes were normalized as described in legends (a)-(g), and standardized with the moderated T statistic. The figures show fairly narrow sampling distributions of the test statistics, with many outlying values, which yield a large number of candidate hits. This pattern is due, in part, to the under-estimation of the variation. 
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Profile plots before and after the proposed noise reduction procedure Fig. 4, Fig. 5, Fig. 6 show profile plots of the evaluation controls before and after the proposed noise reduction procedure, as in Fig. 4 (a) 
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Profile plots after normalization with sample-based B score, and summarization with moderated T statistic Fig. 7 shows profile plots of the evaluation controls for all screens, after normalization with samplebased B score, and summarization with moderated T, as in Fig. 4(c 
8
Profile plots after normalization with control-based NPI and summarization with moderated T statistic Fig. 8 shows profile plots of the evaluation controls for all screens, after normalization with controlbased NPI score, and summarization with moderated T, as in Fig. 4(c) Table 1 : Pearson correlation of normalized and summarized profiles between plates, for two positive controls which have not been previously used for normalization or standardization. Higher values indicate better noise reduction. 'X' indicates the applied normalization and variance estimation steps. The first row corresponds to the proposed approach.
The table summarizes the contributions of various analysis steps to the accuracy of the results. In the example datasets, normalization with respect to the covariate (growth rate) and estimation of residual variance terms (σ 2 B and σ 2 P ) make a stronger contribution to the reduction of the noise than the batch-and plate-wise normalization.
